Sixty-four representative strains of Vibrio cholerae O139 were analyzed, to re-examine the origin of this serogroup. Ribotyping differentiated the strains into 3 HindIII and 7 BglI ribotypes. One HindIII and 5 BglI ribotypes were shared by all toxigenic O139 strains. Of 6 nontoxigenic O139 strains, 3 shared ribotypes with the toxigenic strains, carried genes encoding toxin coregulated pilus, and were susceptible to the cholera toxin-converting bacteriophage CTXF. The remaining 3 strains belonged to 2 different ribotypes distinct from toxigenic O139 strains and were resistant to CTXF and JA-1, an O139-specific lytic bacteriophage. Polymerase chain reaction amplicons corresponding to the gmhD gene carried by these 3 strains also differed from those of the toxigenic O139 strains but were identical to those of 15 environmental non-O1-non-O139 strains. Thus, the O139 antigen is present in different lineages, and this serogroup appears to comprise epidemic and nonepidemic strains derived separately from different progenitors.
of a large foreign genomic region encoding the O139-specific genes and simultaneous deletion of most of the O1 antigenspecific gene cluster. However, isolation of an atypical O139 strain in Argentina and subsequent analysis indicated that this O139 strain had probably originated independently from a different progenitor [7] .
Epidemiologic surveillance of cholera caused by V. cholerae O139 and analysis of strains collected during the past 6 years since the first detection of the O139 serogroup have demonstrated emergence of new clones of V. cholerae O139, with temporal changes in phenotypic and genetic properties [8] [9] [10] . These include amplification or rearrangement of the CTX genetic element, which is the genome of CTXF, a lysogenic bacteriophage encoding cholera toxin (CT), and restriction fragment length polymorphisms (RFLPs) in conserved rRNA genes (ribotype) [8, 9, 11] . The existence of nontoxigenic strains belonging to the O139 serogroup also has been recognized. The rapidly emerging clonal diversity has raised questions as to whether new clones of V. cholerae O139 originate from independent acquisition of the O139-specific DNA by different progenitor strains or are caused by genetic re-assortments in the initial clone of V. cholerae O139 or its derivatives. In the present study, representative strains of V. cholerae O139 isolated in different countries since the first appearance of this serogroup in 1992 were analyzed and compared with a collection of V. cholerae O1 and non-O1-non-O139 strains isolated between 1969 and 1999, to re-examine the ancestry of V. cholerae O139. 
Materials and Methods
V. cholerae strains. Sixty-four V. cholerae O139 strains were analyzed in this study, including 6 nontoxigenic strains that were isolated in 4 different countries between 1992 and 1999. Details of these strains are presented in table 1. Strains from our culture collection, which were used for comparison, comprised 27 representative El Tor strains isolated between 1969 and 1998 in Bangladesh and India and 15 V. cholerae non-O1-non-O139 strains isolated between 1993 and 1999 from surface waters in Bangladesh. These 27 El Tor strains were selected from previous studies in which a large number of strains were analyzed for diversity [8, 12] . All strains were stored either in lyophilized form or in sealed deep nutrient agar at room temperature. Before use, the identity of the cultures was confirmed by biochemical tests and serology [13] .
Probes and hybridization. We used, as described elsewhere [15] , a 0.5-kb EcoRI fragment of pCVD27 [14] containing part of the ctxA gene and an 840-bp region internal to the zot gene amplified by polymerase chain reaction (PCR) from the recombinant plasmid pBB241 as probes, to detect the CTXF genome. The toxR gene probe was a 2.4-kb BamHI fragment of pVM7 [16] , the O139-specific DNA probe was a 1.3-kb EcoRI fragment of pCRII-A3 [17, 18] , and the rRNA gene probe was a 7.5-kb BamHI fragment of the Escherichia coli rRNA clone pKK3535 [12, 19] .
Colony blots or Southern blots were prepared, using nylon filters (Hybond; Amersham International, Ayelesbury, UK), and were processed by standard methods [20] . The probes were labeled by random priming [21] , using a random primers DNA labeling kit (Life Technologies Gibco BRL, Gaithersburg, MD) and [a-32 P]-deoxycytidine triphosphate (3000 Ci/mmol; Amersham). Southern blots and colony blots were hybridized with the labeled probes, and autoradiographs were developed, as described elsewhere [5, 8, 9, 12] .
Analysis of susceptibility to CTXF. Susceptibility of nontoxigenic V. cholerae O139 strains to CTXF was assayed in vitro, using a genetically marked phage, CTX-KmF, derived from strain SM44, as described elsewhere [22] . In brief, the recipient strains were grown in AKI medium (1.5% bactopeptone [Becton Dickinson, Sparks, MD], 0.4% yeast extract, 0.5% NaCl, and 0.3% NaHCO 3 , pH 7.4) at 30ЊC, a condition known to express the phage receptor toxin coregulated pilus (TCP) in El Tor biotype strains. The cells were precipitated by centrifugation and washed in fresh medium. The recipient cells and phage particles were mixed in AKI medium to a final concentration of ∼10 6 bacterial cells and 10 6 phage particles per milliliter. The mixture was incubated for 10 h at 30ЊC, and aliquots of the culture were diluted and plated on Luria agar plates containing kanamycin (50 mg/mL), to select for kanamycinresistant (Kn R ) colonies, and on plates devoid of kanamycin, to determine the total number of colonies. Results were expressed as the percentage of total colonies that became Kn R . A TCP-deleted strain, TCP2; a classical biotype strain, RV508, that constitutively expresses TCP; and a CT-negative and TCP-positive El Tor biotype strain, SA-406, were included as controls. Details of these control strains have been published elsewhere [22] . Representative Kn R derivatives of the nontoxigenic O139 strains were analyzed for the presence of the CTX-KmF genome by Southern blot hybridization, using specific probes.
Analysis of susceptibility to phage JA-1. Preparation of the O139-specific lytic phage JA-1 has been described elsewhere [23] . To determine the susceptibility of V. cholerae strains to the phage, we overlaid logarithmic-phase cells of the host bacterium on nutrient agar (Difco, Detroit) with soft agar (nutrient broth containing 0.8% Bactoagar; Difco). Suitable dilutions of the phage preparations then were spotted on the plates. Plates were observed for lysis of cells after incubation for 12 h at 37ЊC.
Serum killing. All O139 strains were tested, as described elsewhere [23, 24] , for the presence of the capsule by their colony morphology and by their resistance to serum killing. In brief, 35 mL of bacterial culture (10 7 bacterial cells/mL) was mixed with 65 mL of pooled human serum from у5 donors, with added guinea pig complement, and was incubated at 37ЊC for 30 min. Killing was determined by plate counts of serial dilutions of the mixture. Serum was inactivated by heating at 60ЊC for 30 min before being added to the bacteria in the control tubes.
PCR assays. Presence of the TCP pathogenicity island was determined by PCR assays specific for the tcpA, tcpI, and acfB genes. All oligonucleotides used as probes or PCR primers were synthesized commercially by Oswel DNA Service (University of Edinburgh, Edinburgh, UK), and PCR reagents and kits were purchased from Perkin-Elmer Cetus (Norwalk, CT). Presence of tcpA genes specific for the classical and El Tor biotypes was determined using a multiplex PCR assay [25] . In another study, we described PCR assays for the tcpI and acfB genes [9] . PCR assays for the defined regions of the O-antigen-specific gene cluster and adjoining sequences were done using 6 different sets of primers (figure 1) derived from the sequence of the V. cholerae O1 wbe gene cluster [26] , as described elsewhere [27] . The PCR-negative strains were further confirmed for the absence of the relevant genes by colony blot hybridization, using the corresponding PCR-generated amplicons from a positive control strain (569B) as specific probes.
Results
Analysis of virulence genes. Except for 6 O139 strains, all V. cholerae O1 and O139 strains hybridized with the ctxA and zot probes in colony blots and Southern blots. The restriction endonuclease used was BglI, which does not have any recognition sequence within the ctxA gene. BglI has a single cleavage site within the zot gene, which is located upstream from and adjacent to the ctxA gene in the CTX prophage [11] ; consequently, the number of bands comprising each ctxA restriction pattern represented the minimum number of copies of the ctxA gene and presumably the entire CTXF genome carried by the strain. Thus, analysis of RFLPs in the integrated CTXF genome and flanking chromosomal sequences revealed the presence of 1-3 copies of the lysogenic phage genome in different toxigenic strains. The number of bands in the zot restriction patterns were more by 1 band than the corresponding ctxA restriction pattern in the same strain, suggesting that strains carrying 11 copy of the CTXF prophage had these copies located adjacent to each other in the chromosome. All strains were positive for the toxR gene, and all strains except 3 of the 6 nontoxigenic O139 strains were positive for tcpA, tcpI, and acfB genes. Distribution of different virulence genes among the strains analyzed is shown in table 1.
rRNA gene restriction patterns. Analysis of rRNA genes, using BglI, identified strains belonging to 10 different ribotypes (designated E-I through E-X) among the El Tor strains (figure 2) and 7 distinct ribotypes (designated B-I through B-VI and NB-I) among the O139 strains (figure 3). Ribotyping of the same strains using HindIII produced 2 different restriction patterns (A and B) among the El Tor strains and 3 distinct patterns (B through D) among the O139 strains analyzed (figure 4). The rRNA gene restriction patterns produced by either of the enzymes BglI and HindIII were reproducible in repeated assays.
The BglI restriction patterns consisted of 9-11 bands 1.0-18 kb in size, whereas the HindIII restriction patterns consisted of 10-12 bands 0.9-10.2 kb in size.
Comparison of the BglI ribotype patterns produced by the El Tor and O139 vibrios showed that patterns E-I and B-V, which were produced by El Tor and O139 strains, respectively, were identical (figure 5). Strains belonging to 5 of the 7 BglI ribotypes (B-I through B-V) of V. cholerae O139, which included all the toxigenic O139 strains and 3 nontoxigenic O139 strains, belonged to a single HindIII ribotype (pattern B). This ribotype pattern was identical to 1 of the 2 HindIII ribotype patterns produced by the El Tor strains (figure 4). The remaining 2 BglI ribotypes (B-VI and NB-I) were shared by 3 other nontoxigenic O139 strains. These strains belonged to 2 different HindIII ribotypes (C and D), which were distinct from that of the toxigenic O139 strains ( figure 4) .
Analysis of O-antigen gene cluster. PCR analysis using specific primers corresponding to 6 defined regions of the O-antigen-specific gene cluster and flanking sequences of V. cholerae O1 ( figure 1) showed that, whereas all 6 regions could be amplified from the El Tor strains, the O139 strains showed positive amplification in only 2 of the 6 PCR assays. These 2 assays amplified a 497-bp region of the gmhD locus and a 394-bp region corresponding to the insertion sequence IS1358, which was previously referred to as the rfbQRS locus [26] , in all the toxigenic O139 vibrios.
The IS1358 locus also was amplified from 10 of 15 non-O1-non-O139 strains (table 2) . However, 3 CT-negative strains of V. cholerae O139 from Argentina, Bangladesh, and India and all 15 environmental isolates of non-O1-non-O139 vibrios in Bangladesh produced a slightly smaller-sized PCR product (∼0.4 kb) corresponding to the gmhD locus (figure 6). All O139 strains and 8 of 15 non-O1-non-O139 strains were negative, as determined by PCR assays, for chromosomal regions representing gmd, wbeEG, wbeNO, wbeU, and wbeV of the O-antigen-specific gene cluster of V. cholerae O1 (table 2). All PCRgenerated amplicons hybridized with respective probes derived from strain 569B. Southern blot hybridization of BglI-digested genomic DNA, using a probe for V. cholerae O139 O-antigen-specific DNA, showed the presence of this DNA in all O139 strains, and all strains produced a band of identical size (∼13.5 kb).
Susceptibility to bacteriophages. In repeated assays, 3 of the 6 nontoxigenic O139 strains were clearly susceptible to CTXF, producing 56-115 infected colonies per 10 7 live cells (susceptibility, %-%). The susceptibility of
Ϫ6 Ϫ6
5.6 ϫ 10 11.5 ϫ 10 these O139 strains was comparable to that of the TCP-positive, nontoxigenic El Tor biotype strain SA-406 (mean susceptibility, %) but was low, compared with that of the classical Ϫ6 6.5 ϫ 10 biotype strain, RV508 (mean susceptibility, 88.2%). Of the remaining 3 nontoxigenic O139 strains, 2 were completely resistant to infection by the phage, and no Kn R transductant was detected in these strains when assayed under identical conditions. The other nontoxigenic O139 strain, Arg-03, was infected at a very low frequency, and only 5 transduced colonies were isolated. Analysis of representative Km R colonies derived from the O139 strains by Southern blot hybridization confirmed the presence of the CTXF genome in the transductants.
All toxigenic and 3 of the 6 nontoxigenic O139 strains were sensitive to the lytic phage JA-1. The remaining 3 nontoxigenic O139 strains, all El Tor strains, and all non-O1-non-O139 strains were clearly resistant to the phage. All O139 strains produced characteristic opaque colonies and were resistant to serum killing (190%), which suggests the presence of capsules in these strains.
Discussion
In the present study, 2 restriction enzymes, BglI and HindIII, were used to analyze RFLPs in rRNA genes. Although BglI sites vary more frequently because of possible recombination among rrn operons [28] , HindIII sites are known to be highly conserved [12] . Hence, use of HindIII allowed us to group strains belonging to different BglI ribotypes into smaller numbers of ancestral clones represented by HindIII ribotypes. Strains belonging to 5 of the 7 BglI ribotypes (B-I through B-V) of V. cholerae O139, including all the toxigenic and 3 nontoxigenic O139 strains, belonged to a single HindIII ribotype. This was identical to 1 of 2 HindIII ribotype patterns produced by the El Tor strains, suggesting that different BglI ribotypes of toxigenic O139 vibrios were possibly derived from an initial clone of V. cholerae O139, which originated from an ancestral El Tor strain.
Furthermore, comparison of the BglI ribotype patterns produced by the El Tor and O139 vibrios showed that ribotype patterns E-I and B-V, which were produced by El Tor and O139 strains, respectively, were identical. El Tor and O139 strains producing this ribotype pattern could be distinguished genetically by using a O139-specific probe ( figure 4A, B) and phenotypically by their agglutination with O1 or O139 serogroupspecific antisera. Although previous studies have suggested an El Tor origin for the O139 vibrios, to our knowledge, this is the first demonstration of El Tor and O139 vibrios producing an identical ribotype pattern. As discussed below, this study has also identified several O139 strains that are distinctly different from the El Tor strains.
Three nontoxigenic O139 strains isolated in Bangladesh, India, and Argentina and showing BglI ribotypes B-VI or NB-I also belonged to distinct HindIII ribotypes (C and D), which were different from those of the toxigenic O139 strains. These nontoxigenic O139 strains, therefore, appear to have emerged from у2 different progenitor strains. To understand the origin of nontoxigenic O139 strains represented by ribotype B-VI or NB-I, we did a comparative analysis of the chromosomal region responsible for O-antigen biosynthesis. Hybridization of Southern blots of BglI-digested genomic DNA, using a probe for V. cholerae O139 O-antigen-specific genes, showed that all O139 strains produced a band of identical size (data not shown). PCR-based analysis using specific primers corresponding to 6 defined regions of the wbe gene cluster and flanking sequences 
a Analysis of O-antigen genes was done by polymerase chain reaction (PCR) or DNA hybridization assays, as described in Materials and Methods. b Molecular sizes of these PCR products were smaller than the expected size (see text). Figure 6 . Primers corresponding to gmhD gene of Vibrio cholerae O1 were used to amplify the corresponding genomic regions of V. cholerae O139 and non-O1-non-O139 strains. The polymerase chain reaction products were analyzed by agarose gel electrophoresis, to verify the expected size of the amplicons. Lanes 3-5, Nontoxigenic O139 strains; lanes 6-7, environmental non-O1-non-O139 strains; lanes 8-10, toxigenic O139 strains; lanes 2-11, Escherichia coli strain HB101, which was used as a negative control, and V. cholerae O1 El Tor strain G755, which was used as a positive control; lanes 1 and 12, low-molecularweight fragments (molecular size markers) of 1-kb DNA ladder (Life Technologies Gibco BRL; Gaithersburg, MD).
of V. cholerae O1 ( figure 1) showed, in agreement with previous reports, that a large region of chromosomal DNA representing the O1-specific wbe gene cluster was absent in all O139 strains. Regions corresponding to the gmhD gene of V. cholerae O1 (located upstream of wbeA gene) and those corresponding to the insertion sequence IS1358 (located upstream of wbeU) were present in the O139 strains. A sequence corresponding to IS1358 was also present, however, in most non-O1-non-O139 strains tested. Previous studies have indicated a possible role of IS1358 in mediating recombination or insertion of O-antigen-specific gene clusters and have suggested that the IS1358 region found in V. cholerae O139 is part of the acquired O139-specific DNA and is not a remnant of the O-antigen gene cluster of the parental strain [6, 7, 29] . It has also been suggested that gmhD, which is found upstream of manC in V. cholerae O1 and wbf in V. cholerae O139, may have served as a site of homologous recombination in the gene transfer event that led to the origination of V. cholerae O139 [29] . In the present study, although the gmhD locus amplified from all toxigenic O139 and El Tor strains and 3 nontoxigenic O139 strains was similar in size, the amplification product of the remaining 3 CT-negative O139 strains was smaller in size (figure 6) and was similar to those produced by all non-O1-non-O139 strains isolated from the environment (table 2) . Like most non-O1-non-O139 strains, these CT-negative O139 strains from Argentina, Bangladesh, and India also lacked tcpA, as well as the tcpI and acfB genes and, presumably, the entire TCP pathogenicity island. This provided further evidence that these CT-negative O139 strains possibly originated from non-O1 progenitors and that the gmhD genes in these strains were remnants of the progenitor strains. The 3 nontoxigenic O139 strains were also completely resistant to a vibriophage described elsewhere, JA-1, which is known to specifically lyze the encapsulated form of V. cholerae O139 [23] . These strains were encapsulated, as evidenced by their opaque colony morphology and their resistance to serum killing. This further suggests that these nontoxigenic O139 strains belong to a different lineage of V. cholerae O139.
The 3 nontoxigenic O139 strains, which shared the ribotype with the toxigenic strains and carried the TCP pathogenicity island, and the regulatory gene toxR were also susceptible to the CT-converting bacteriophage CTXF and sensitive to the O139-specific lytic bacteriophage JA-1. These strains can be presumed to be precursors of toxigenic O139 strains. This suggests that the transfer of O139-specific genes also could have occurred in nontoxigenic environmental strains, which were later converted to toxigenic strains by CTXF [11] . In view of a recent study by Lazar and Waldor [30] that suggests that the CTXF genome is maintained in toxigenic V. cholerae by a process of continuous reinfection, it seems unlikely that these nontoxigenic O139 strains originated from toxigenic O139 strains. The results of this study thus suggest an alternative mechanism for the origination of toxigenic O139 strains; however, if either of these mechanisms is correct, the possibility of a future appearance of new clones of V. cholerae O139 cannot be ruled out. It also seems important to conduct further studies to identify the donor for the O139-specific genes.
Analysis of RFLPs in the integrated CTXF genome and flanking chromosomal sequences, using probes for the ctxA and zot genes, have shown single or multiple copies of the CTX prophage in different O139 strains [8, 9] . In the present study, strains carrying р3 copies of the lysogenic phage genome were detected (table 1) . Thus, in addition to BglI ribotype diversity, the toxigenic O139 strains also belong to diverse CTX genotypes. It is not clear what enhances or diminishes the epidemic potential of toxigenic strains, but the rapid genetic reassortment observed in toxigenic V. cholerae further emphasizes the need for continuous monitoring of the emergence of different strains in areas of endemic cholera.
Because the results of the present study suggest both O1 and non-O1 progenitors for the O139 vibrios, it seems possible that O139 vibrios derived from O1 progenitors will have epidemic potential, as opposed to O139 strains derived from non-O1 progenitors. Cholera pathogenesis relies on the synergistic effect of CT, TCP, and a regulatory protein (ToxR) that coregulates the expression of both CT and TCP. Hence, all strains with epidemic potential must carry genes involved in the expression of these virulence factors. In the present study, 3 of the O139 strains were negative for the TCP pathogenicity island and for the genes encoding CT (table 1) , and, hence, these strains do not have the potential to cause epidemics. Nevertheless, the isolation of these strains provided evidence that the gene-transfer event that caused the origination of the initial O139 strain was not a unique event; similar serotype conversion of different progenitor strains may have been going on continually in nature, causing the spread of O139 antigen among different lineages of V. cholerae. Thus, it is important to monitor closely the prevalence and spread of different clones of V. cholerae O139 and to analyze different O139 strains, to determine the possible epidemic potential of the strains.
